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with geographic distance. Four of the six outliers for which we
obtained flanking sequences matched protein-coding genes, one of
which has been implicated in salinity stress response in oysters (24,
25) and fish (26). A SNP in locus 3599 causes an amino acid
change in a gene governing sperm motility (27), one of the key
traits that have previously been shown to differ between demersal
and pelagic spawners (13), reinforcing the interpretation that the
outliers identified in this study are likely targets of ecological se-
lection. Interpreted together, these findings are indicative of
strong reproductive isolation and suggestive of a well-advanced
process of ecological speciation (3). Along with previous studies
showing that reproductive traits are population specific (13, 30,
31), the genetic differentiation and signatures of selection between
pelagic and demersal spawners uncovered here strongly suggest
that breeding behavior in P. flesus is not a plastic trait, as has been
previously suggested for another flatfish species (18), but rather
the result of ecological adaptations to the low salinities experi-
enced in the coastal waters of the Baltic Sea (13, 15).

Pelagic and demersal flounders have a parapatric distribution
and share the same feeding and wintering grounds in the central
Baltic (30). Because the two taxa can co-occur around the time of
spawning in the same shallow coastal waters (for example, as they
do in Irbe), it should be possible for pelagic spawners to oppor-
tunistically fertilize demersal eggs. However, a study has shown
that pelagic spawners’ sperm motility is very low at salinities below
11 psu (13). Because demersal spawners lay their eggs in coastal
waters where salinity rarely exceeds 7.5 psu—and never exceeds
11 psu (Fig. 1)—opportunistic fertilization by pelagic males is
unlikely. Conversely, demersal spawners could remain in deeper
areas after wintering and opportunistically fertilize pelagic eggs,
although to what extent this may happen under natural conditions
is unknown. Breeding behavior is expected to be under strong
ecological selection in the northern Baltic region, and this ex-
pectation is supported by our findings of signatures of selection.
Ecological selection on spawning behavior could lead to re-
productive isolation via spawning segregation. As noted by Nosil
(4), a trait under ecological selection causing reproductive iso-
lation implicates a process of ecological speciation.

The extent of reproductive isolation seems to be stronger in the
flounder species pair than in other cases of recent ecological
speciation. Sympatric species of cichlid fish (Amphilophus cit-
ninellus and Amphilophus zaliosus) in Lake Apoyo are not re-
ciprocally monophyletic (the two species share many mtDNA
haplotypes) and show stronger signs of introgression and less
clearly bimodal genotypic clustering (32). Similarly, three-spined
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Fig. 5. Scenarios tested via ABC-RF. Scenario 1: double-colonization scenario
with early invasion by demersal flounders. Scenario 2: single colonization sce-
nario with early invasion of pelagic flounders. Scenario 3: single-colonization
scenario with early invasion of demersal flounders. Scenario 4: double-
colonization scenario with early invasion by pelagic flounders. Each lineage is
color coded: black lines represent the North Sea lineage (NS), blue lines represent
the Baltic pelagic lineage (PEL), and red lines represent the Baltic demersal
lineage (DEM). Broken lines represent possible demographic changes in the an-
cestral population (black broken line) as well as potential bottlenecks at the time
of invasion (blue and red broken lines). The blue dotted line with arrowhead
represents secondary introgression among the two Baltic species. All divergence
scenarios were tested against each other under an orthogonal combination of all
other demographic parameters (changes in N, and introgression). Full details of
all models tested via ABC-RF are given in Supporting Information. The most likely
model was scenario 1, including a demographic expansion in the ancestral
population and a mild bottleneck in the demersal lineage.
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stickleback limnetic/benthic species pairs do occasionally mate in
the wild; for example, roughly 1% of individuals in Paxton Lake
are hybrids (33)—although hybrids have reduced fitness in the
natural environment (34). Despite sampling throughout the Baltic
Sea, we found no evidence of first-generation hybrids or of in-
termediate genotypes. If hybridization ever occurs under natural
conditions, it must be either rare or geographically restricted.

Our data suggest the existence of another barrier to gene flow and
of spatially diversifying selection between pelagic flounders from the
North Sea and the Baltic Sea, coincident with a steep gradient in
temperature and salinity. Reproductive isolation between the North
Sea and Baltic Sea pelagic flounders is partial, as documented by a
number of individuals showing admixture in the transition zone.
However, it is possible that a process of speciation may have initiated
between these two populations, possibly driven by selection for lower
temperatures and salinity in the Baltic Sea. This hypothesis is sup-
ported by findings from reciprocal transplant experiments showing
that pelagic flounders on each side of the transition zone have dif-
ferent expression patterns in candidate genes for osmoregulation,
stress resistance, and heme protein biosynthesis (35).

Possible Evolutionary Scenarios. The Baltic Sea became connected
to the North Sea roughly 8.5 kya. Salinity remained well below the
lowest salinity at which demersal flounders can reproduce until
~7.5 kya and remained below the minimum requirements for
pelagic spawning until ~6.5 kya (11). During the period between
6.5 and 5 kya, salinity in the Baltic remained between 10 and
15 psu, creating an opportunity for colonization of the basin by
pelagic spawners (11), and since has been steadily declining (11).

We propose that flounders adapted to a new ecological niche by
developing a demersal spawning behavior in the early days of the
Litorina Sea stage, possibly as early as 7.5 kya. Under this sce-
nario, demersal flounders initially diverged from the pelagic
flounders during a first allopatric phase lasting until ~6 kya (11).
Pelagic flounders could have invaded the Baltic Sea when con-
ditions were suitable for pelagic spawning in most of the area
(6-5 kya) and not exclusively, as today, in a few deep offshore
basins. Such allopatric phase lasting 1,500/2,500 y might have pre-
vented any homogenizing effect of gene flow in the early days of
speciation. Other cases of extremely rapid ecological speciation, such
as the evolution of benthic and limnetic species pairs of three-spined
sticklebacks in postglacial lakes, are also thought to have started via
double colonization and early divergence in allopatry (36).

This hypothesis is compatible with the double-invasion scenario
identified by ABC-RF. The estimated time of divergence between
demersal flounders and the North Sea population has a mode of
2,400 generations (95% CI: 1,450-9,110). Within the Baltic,
flounders reach sexual maturity around 2 y of age (37), although in
the northernmost locations sexual maturity in females is delayed
for another 1-2y (38). Hence the coalescence estimates suggest an
early colonization of the Baltic Sea (7.2 kya, assuming a genera-
tion time of 3 y). Divergence time estimates of pelagic flounders
from the ancestral population are also consistent with the hy-
pothesis of an invasion during peak salinity 65 kya.

The speciation of a marine vertebrate in such a short time frame
has never been reported before. Documented examples of eco-
logical speciation in the marine environment are extremely rare
(8) and have usually required much longer time frames (9). The
speciation of the Baltic flounder species pair must have initiated
no earlier than 8.5 kya, when the Baltic Sea first became con-
nected to the North Sea. Other ecological speciation events have
been recorded over similar time frames (<10,000 y), but such
events involve species that reach sexual maturity within 1 or 2 y
and none are from marine environments (32, 33). Hence, in terms
of number of generations, speciation of the Baltic flounder species
has likely happened faster than in those examples. To the best of
our knowledge, this would place the speciation of the Baltic
flounder species pair as one of the most rapid events of ecological
speciation, and the fastest speciation event ever recorded for
a marine vertebrate.
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Conservation Implications. The discovery that European flounders
in the Baltic Sea represent a pair of closely related species calls
for a reassessment of the species pair’s conservation status by the
International Union for the Conservation of Nature. The fact
that both species co-occur during feeding in a part of their range
suggests that harvesting should be managed within the frame-
work of a multispecies fishery.

Climate change is predicted to increase freshwater runoff in
the Baltic Sea, causing a reduction in salinity and hence con-
tracting the distribution of many marine species by hundreds of
kilometers (39). At the same time, eutrophication and climate
change are causing a rapid increase in hypoxia and anoxia in
bottom waters where salinity is suitable for pelagic spawning
(40). Consequently, the spawning habitat of pelagic flounders,
which is already geographically limited, will likely contract in the
future, raising concerns over a possible local extinction of this
species. The endemic demersal spawners might prove more re-
silient, despite local declines of northern populations (41), but
could experience a possible southward range shift. Young species
pairs arising from recent events of ecological speciation may be
prone to species collapse if anthropogenic activities alter the very
factors that led to speciation, a process known as reverse speci-
ation (42). It is possible that a decrease in salinity in the Baltic
Sea linked to climate change may provide a strong selective
pressure on pelagic spawners, leading to a second behavioral
shift to demersal spawning and the collapse of this species pair.

Methods

Sampling. A total of 282 samples was collected from 13 locations spanning nearly
the entire distribution of European flounders in the Baltic Sea, including samples
from the North Sea and the transition zone between the two regions. Sample
collection took place in 2002-2004, 2009, and 2012. Details of sampling locations
are given in Table S1. Most samples were collected at the time of spawning in
either coastal locations (targeting demersal spawners) or offshore spawning
grounds (targeting pelagic spawners). In Bornholm and Oland, almost all individ-
uals (100% and 92%, respectively) were spawning during sampling in a pelagic
(Bornholm) and coastal benthic (Oland) environment. Hence, samples from these
two locations can be used as references to test for genetic differentiation among
flounders exhibiting contrasting spawning behaviors. In some locations (Gdynia,
Dabki, and Hanko; Fig. 1), sampling took place shortly after spawning (Table S1).
Samples from Swedish waters were collected under a permit issued by the Swedish
Board of Fisheries and samples from Hanko under a permit granted by Tvarminne
Zoological Station (University of Helsinki). Samples from other locations were
obtained from commercial fisheries. The described scientific sampling did not re-
quire ethical permission according to the Finnish Animal Conservation Law (7§
28.6.2013/498).

SNP Genotyping. DNA was extracted from fin clips or muscle tissues using either a
standard salting out protocol or a DNeasy Blood and Tissue Kit (Qiagen). Library
preparation and sequencing was carried out by Diversity Arrays Technology Pty
Ltd using the standard DArTSeq. DArTSeq is a SNP genotyping-by-sequencing
approach that combines genome complexity reduction via double-enzymatic
digestion characteristic of DArT markers and sequencing on Illumina platforms
(43). We initially tested four pairs of enzymes for complexity reduction and se-
lected the Pstl and Sphl combination. Library preparation and sequencing were
carried out as per Booksmythe et al. (44). Libraries were sequenced on three
lanes of an lllumina Hiseq2000 platform. De novo assembly and SNP calling was
performed using the pyRAD pipeline (45), using a minimum read depth of 10, a
maximum read depth equal to the mean read depth plus two times the SD, a
clustering threshold of 0.94, the strict quality filtering option, a minimum cov-
erage of 95% of sampled individuals, and a maximum of five SNPs per locus.
Only one random SNP per locus was retained for further analyses to avoid
creating a set of tightly linked markers. We carried out the entire procedure,
from library preparation to SNP calling, a second time for 60 technical replicates
and retained only biallelic loci with 100% reproducibility (i.e., no genotyping
errors). Loci that deviated from Hardy-Weinberg equilibrium in at least three
locations (one representative of each genetic cluster: KAT from the North Sea
and at least one demersal and one pelagic Baltic locations) were removed.

Analyses. A PCA on allele frequency data was performed in the R package
adegenet (46). The analysis was repeated after removing loci from the right
and left 5% tails of the Fsy distributions obtained when comparing the main
genetic clusters (North Sea, Baltic pelagic, and Baltic demersal). This “neu-
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tral” dataset should not include loci under strong divergent or stabilizing
selection and should therefore be reflective of demographic processes
such as genetic drift and migration. Genetic structure was further in-
vestigated using fastSTRUCTURE (47) and a DAPC (48). The most likely
number of genetic clusters was determined by (i) running fastSTRUCTURE
at multiple numbers of K using fivefold cross-validation and comparing
the log-marginal likelihood lower bound (LLBO) and prediction error
across increasing values of K; and (ii) running K-means clustering at mul-
tiple values of K and comparing Akaike information criterion (AIC) and
Bayesian information criterion (BIC), as per Jombart et al. (48). Weir and
Cockerham Fst among locations and their 95% Cl were estimated with
100 bootstraps in the R package diveRsity (49), and geographic distance
among locations was estimated as the least cost path distance over sea-
water in the R package marmap (50). An estimate of number of migrants
per generation was obtained using the private allele method (23). Mi-
gration rates between pelagic and demersal flounders within the Baltic
were estimated using BAYESASS (51). For the latter analyses, pelagic and
demersal flounders were grouped according to the results from PCA,
fastSTRUCTURE, and DAPC; we ran five independent runs, each 10 million
generations long, using a burn-in of 2 million generations.

We used four outlier tests to look for signatures of selection: BAYESCAN (52);
OutFLANK (53); the coalescent method from Beaumont and Nichols (54) imple-
mented in the software Arlequin, version 3.5 (55) (referred to as the Fdist
method); and FLK (56). The tests were carried out first on a dataset where the
samples were grouped as two populations representing the two major genetic
clusters to identify outlier loci under selection among pelagic and demersal
flounders. The tests were then carried out on pelagic and demersal flounders
separately, grouping individuals according to geographical location to look for
signatures of spatially diversifying selection. The FLK tests were only carried out
for the latter analyses, using 24 individuals from the opposite taxon as outgroup
population. For BAYESCAN analyses, we set prior odds to 100 to minimize chances
of false positives and ran 20 pilot runs, followed by 100,000 iterations
(5,000 samples, a thinning interval of 10, and a burn-in of 50,000). For the Fdist
analyses, we used the island model implemented in Arlequin in cases where hi-
erarchical genetic structure were not discovered by previous analyses, running
100 simulated demes and 20,000 coalescent simulations. For the detection of
outliers between pelagic flounders in the Baltic Sea and the North Sea, we used
the hierarchical, coalescent-based approach outlined by Excoffier et al. (57). In this
analysis, locations were split in three groups according to PCA results: North Sea,
Baltic Pelagic, and samples from the transition zone (Barseback). We used
10 simulated groups, 100 simulated demes for each group, and ran 20,000 co-
alescent simulations. OutFLANK analyses were carried out as outlined by Whitlock
and Lotterhos (53). FLK analyses were carried out using the R and Python codes
provided by the authors (available at https:/qgsp.jouy.inra.fr/). Loci that were
identified as outliers by all tests were considered as putatively under selection.

Maximum-likelihood (ML) and Bayesian phylogenies were constructed
using a subsample of 57 individuals (32 putative pelagic and 25 putative
demersal individuals). The alignment included the concatenated sequences of
all 2,051 loci (for a total length of 135,164 bp). The ML Smart Model Selection
(SMS) approach implemented in PHYML (58) was used to identify the evo-
lutionary model (GTR+G), and ML and Bayesian phylogenetic analyses were
carried out using the software PHYML (58) and MrBayes (59). ML analysis
was performed using 100 bootstraps, 10 random starting trees and tree
improvement by using the best of the nearest-neighbor interchange and
subtree pruning and regrafting. Bayesian analyses were run for 3 million
generations using two independent runs and 32 chains for each run. Con-
vergence among runs was tested by checking SD of split frequencies fell
below 0.05, and stability of each parameter was visually checked using the
software TRACER (60). Convergence was reached around 2 million genera-
tions, and therefore any tree sampled before then was discarded.

We evaluated possible divergence scenarios and past demographic events
under an ABC framework (see Supporting Information for a detailed de-
scription). We formulated competing scenarios describing the demographic
history of P. flesus in the North Sea and the Baltic Sea (Fig. 5 and Table S5) and
simulated datasets under these scenarios using the software DIYABC, version
2.1.0 (61). Model choice was performed using the recently developed ABC-RF
approach (28) to evaluate the most probable scenario corresponding to our data,
as well as its associated posterior probability. After ensuring the stability of
model choice results for several demographic parameters (Fig. 5 and Tables S5-S9),
we estimated divergence time for both demersal and pelagic flounders using
the parameter estimation analysis implemented in DIYABC on the 1% closest
simulated data. The adequacy of our final model was tested by performing the
model-posterior checking analysis implemented in DIYABC (Fig. S4).
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